A model of a subject breathing from a circle system has been described in the previous paper (Conway, 1986) . Whilst this model has been designed to study the pharmacokinetics of inhaled anaesthetic agents, it handles all inert gases in an identical manner. As an initial validation, the present paper describes the performance of the model in relation to two inert gases-nitrogen and helium. These gases are widely used in studies of respiratory physiology. Four studies are described: the ability of the model to maintain a nitrogen equilibrium when breathing air, the time course of nitrogen elimination from the subject model on oxygen breathing, the ability of the model to achieve a new equilibrium after perturbation of an existing steady state, and the measurement of functional residual capacity (FRC) using helium as an indicator.
MATERIALS AND METHODS
Except where otherwise stated, the values of the various subject and circle system variables were as shown in table I.
In all the studies on nitrogen homeostasis, the subject model was initially in a state of inert gas equilibrium breathing air. The ability of the model to maintain a nitrogen equilibrium was assessed both with the subject model breathing air under non-rebreathing conditions, and breathing from a circle system initially filled with air and supplied with a basal flow of oxygen (that is, a flow equal to oxygen uptake (Fo,) when corrected from ATPD to BTPS).
Elimination of nitrogen from the subject model was studied under non-rebreathing conditions with the subject model breathing oxygen, and with
SUMMARY
The performance of a model of a subject breathing from a circle system has been examined in relation to nitrogen and helium. the subject model breathing from a circle system initially filled with oxygen and, thereafter, supplied with a fresh gas flow of oxygen 0.5 litre min" 1 and with a basal oxygen flow.
To ascertain the ability of the model to attain a new steady state following a perturbation of an existing equilibrium, the subject model was initially maintained in a steady state breathing air and with a respiratory exchange ratio (R) of 0.8. At 5 min the R value was instantaneously increased to 1.0 by a step change in Vo t to equal P^COj, and the time course of alveolar nitrogen concentration (FA^^ and body nitrogen content ( FN 2 ) followed for a further 25 min. The study was performed with the subject model both breathing air under non-rebreathing conditions, and breathing from a circle system filled with air and supplied with a basal flow of oxygen. Estimation of FRC was performed by allowing the subject model to breathe from a circle system filled with 5 % helium in oxygen and supplied with a basal flow of oxygen. FRC was estimated when the circle system and alveolar helium concentrations differed by less than 0.05 % and re-estimated when the difference between these two concentrations was less than 0.01%. FRC was estimated from the formula: The results of this calculation, which express FRC at ATPD, were corrected to BTPS. Estimations were performed both with the subject model initially in a state of inert gas equilibrium breathing air, and with the subject model initially free of nitrogen.
Partition coefficients for nitrogen were taken from Stewart and colleagues (1973) . Helium was considered to be insoluble in blood and body tissues. Calculations in the subject model have been carried out at BTPS, and those in the circle system model at ATPD. Gas concentrations are quoted in the text and illustrated in the figures as fractions or percentages of dry atmospheric pressure. Body contents of gases refer to the total amounts present, equal to the sum of the amounts present in solution in blood and body tissues and the amount in the gas phase of the lung compartment, and are quoted at BTPD. Figure 1 shows, for four breaths, FA N , values at each heart beat, the subject model breathing from an air-filled circle system supplied with a basal flow of oxygen. Identical behaviour occurred when the subject model breathed air under non-rebreathing conditions. The dotted line in figure 1 shows the FA NI value calculated from the ideal alveolar gas equation under the prevailing conditions. In each respiratory cycle this coincided with the computed FA NI in the cardiac cycle immediately preceding expiration. For clarity of representation in the remaining illustrations, alveolar gas concentrations are shown as smooth curves drawn through these pre-expiratory points. breathed from an oxygen-filled circle system are shown in figure 3 , and the time course of Vu t shown in figure 4. The two curves of figure 5 represent FA NJ values during a 30-min period with the subject breathing air under non-rebreathing conditions and also breathing from a circle system. At 5 min a step change in R from 0.8 to 1.0 has been induced. Figure 6 shows the corresponding A second method of validation is to compare the predictions of the model with previously published results from other studies. The subject model used here is based closely on the model "P" of anaesthetic uptake described by Mapleson (1973) . This latter model has been well validated in both animals (Allott, Stewart and Mapleson, 1976) and man (Mapleson et al., 1974) . When used whilst considering a single gas under conditions of overall gas uptake and with comparable values for the various body variables, the two models have an identical performance. Because of small differences in the lung compartments, the two models have a slightly different performance when more than one gas is being considered. Thus both models predict a " second gas " effect of nitrous oxide on the uptake of a volatile agent. The model described here also predicts a small (and clinically insignificant) second gas effect of volatile agents upon nitrous oxide uptake ( fig. 7) . A similar ability to demonstrate a second gas effect influencing nitrous oxide uptake is present in version "S" of Mapleson's original model (Chilcoat, 1983) .
RESULTS
The circle system model is simpler than the subject model, consisting essentially of a mixing chamber into which flow fresh and expired gasesâ nd within which carbon dioxide is removed. Validation of the circle system model by comparison with published data has been complicated by the majority of such published studies containing insufficient details to quantify the model. It has proved possible to replicate the study of Barton and Nunn (1975) in which totally closed nitrous oxide-oxygen anaesthesia was administered after partial denitrogenation of the subjects, and in which both the uptake of nitrous oxide and the accumulation of nitrogen in the circle system were measured. In this simulation the subject model, which was initially in a state of nitrogen equilibrium breathing air, was allowed to breathe 70 % nitrous oxide in oxygen under non-rebreathing conditions for 15 min before being connected to the circle system. The circle system, which had an initial volume of 4 litre, was initially filled with 70 % nitrous oxide in oxygen and supplied with a fresh gas flow of these gases. Fresh gas flow and composition were adjusted so as to keep circle system oxygen concentration at 30%, so that inspired nitrous oxide concentration decreased slightly as small amounts of nitrogen accumulated within the circle system. The close agreement of the measured and predicted nitrous oxide uptakes in the two studies is shown in figure 8 . In Barton and Nunn's study the final circle system nitrogen concentrations varied from 3.5% to 15%. The duration of closed circuit anaesthesia in their study varied from 35 to 135 min. In the model simulation, nitrogen concentration in the system after the circle system had been used for 60 min was 6.8 %. It has also been possible to simulate the study of Aldrete and Romo-Salas (1979) in which a circle system was used with a fresh gas flow of 5 litre min" 1 of 70 % nitrous oxide in oxygen for 20 min and, thereafter, supplied with 50 % oxygen at a fresh gas flow of 2 litre min • for 20 min and then at a fresh gas flow of 1 litre min" 1 . The results of this simulation are shown in table III.
A further method of validation of the present model is to assess its ability to predict known or forecastable physiological events. It is for this reason that the studies described were performed. The hypothesis adopted is that if a model treats all inert gases in an identical manner and if it can be shown that its treatment of some gases results in both physiologically and pharmacologically predictable outcomes, then the model is likely to treat other inert gases in an equally "correct" manner. Breathing air, the subject model can maintain a normal inert gas steady state. The cyclical fluctuations in FA NJ illustrated in figure 1 are qualitatively if not quantitatively predictable. At the start of any study where the subject model is assumed initially to be in inert gas equilibrium breathing air, explicit mechanisms are present in the subject model to determine, from the relevant body variables, nitrogen tensions in the tissue compartments. The ability of the model to maintain this preset equilibrium when the respiratory exchange ratio is not zero is a severe test of its performance. Under these conditions, whilst the net exchange of nitrogen in each breath is zero, both uptake and elimination of small quantities of nitrogen occur at different times in the respiratory cycle. A state of nitrogen equilibrium was also maintained in the first 5 min of the studies illustrated in figures 5 and 6, when the subject model was both breathing air from a nonrebreathing system and breathing from an air-filled circle system supplied with a basal flow of oxygen. During the initial period of these studies, fluctuations of FA NI with each heart beat identical to those shown in figure 1 occurred regardless of whether the subject model was breathing from the circle system or a non-rebreathing system. Thus these studies also validate in part the performance of the circle system model. Figure 2 shows the time course of nitrogen washout when the subject model breathed oxygen from a non-rebreatbing system. The pattern of nitrogen washout under these conditions has been studied widely (Darling, Cournand and Richards, 1940; Nunn, 1977) . The predictions shown here demonstrate a rate of decrease of FA NI towards zero which could be expected in a fit young normal subject with a close-to-ideal distribution of pulmonary ventilation and perfusion (Fowler, Cornish and Kety, 1952) .
In the first few minutes of the studies of nitrogen washout using the circle system, FA NJ decreased as rapidly as under non-rebreathing conditions. Thereafter, with an oxygen flow of 0.5 litre min" 1 , FA N , decreased at a slow rate towards zero, while with a basal oxygen flow FA NJ reached a minimum in a few minutes and then began to increase slowly. The initial rapid decrease with both the non-rebreathing and circle systems reflects a period when gas in the FRC of the subject model is mixing with inspired oxygen or gas in the circle system. During this initial period alveolar ventilation is the major determinant of the rate of decrease of FA NI . With a fresh gas oxygen flow of 0.5 litre min" 1 , the slower decrease to zero (as compared with non-rebreathing conditions) is attributable to the accumulation of some nitrogen in the circle system and, thus, in inspired gas. With a basal oxygen flow an initial equilibrium is approached between gas in the FRC of the subject model and gas in the circle system. Thereafter, a slow but steady elimination of nitrogen from blood and tissues of the subject model into the circle system accounts for the slow increase in FA NJ throughout most of the 30 min of this study. With the given values of the relevant subject and circle system variables, one can here calculate an eventual equilibrium FA NJ value of 0.289. Extension of the duration of this study from 30 min to 24 h results in FA NJ reaching a value negligibly different from this calculated equilibrium value. The increase in circle system volume that occurs during this study is equal to the reduction in volume of the amount of nitrogen in solution in the subject model. Because nitrogen removed from the FRC of the subject model is replaced by oxygen from the circle system, its elimination from this gas space does not influence circle system volume.
The studies illustrated in figures 5 and 6 demonstrate the manner in which the subject model, initially in inert gas equilibrium, moved to a new equilibrium state following a perturbation. FA NI will only equal FI NJ under steady state conditions when respiratory exchange ratio is unity. With a respiratory exchange ratio of 0.8, FA NJ will slightly exceed FI NJ . At the start of these studies, the equilibrium FA NJ value is calculated by the model. No explicit mechanisms are present in the subject model to calculate the new equilibrium value following a change in respiratory exchange ratio. Figure 5 shows, under nonrebreathing conditions and with the circle system in use, the rapidity with which FA NJ moves towards its new equilibrium value, equal to FI NJ , when the respiratory exchange ratio is increased to equal unity. When the study is performed with the circle system in use, and with a basal fresh gas flow of oxygen, a somewhat different situation arises than in the non-rebreathing state. FA NI will still change to equal Fi Nt , but the value of this latter variable will be influenced by the excretion of nitrogen by the subject model into the circle system. It can be calculated that, under these conditions, both FA NI and Fi Nl should reach a new equilibrium value of 0.7941. By 30 min, FA NI has attained a value only slightly less than the predicted new equilibrium value. Throughout this study there was correspondence between the increase in circle system volume and the decrease in the amount of nitrogen dissolved in tissues of the subject model. Helium dilution using a circle system is a well established way of estimating FRC (Christie, 1932) . The method relies upon helium being (effectively) insoluble in blood and body tissues. In the model helium will be confined to the circle system and the gas phase of the lung compartment. The estimated values of FRC shown in table II differ only slightly from the predetermined FRC value of the subject model. The small errors shown in table II reflect inherent problems in this method of FRC estimation, more than any imperfections of the model. The accuracy of the method is critically dependent upon the accuracy with which helium concentrations can be measured and upon the achievement of a true end-point when helium concentrations in the subject and circle system models are equal. The final helium concentration in the circle system is the smallest term in the expression used to estimate FRC, and occurs in the denominator of that expression. Small errors in its measurement will produce larger errors in the estimated FRC. It has been assumed here that helium concentrations can be measured with absolute accuracy. The criteria used for the attainment of an equilibrium state-that circle system and alveolar helium concentrations differ by less than 0.05 % or 0.01 %-are unlikely to be improved upon in clinical practice. Repeating these estimations using a more rigid end-point criterion-that, within the limits of accuracy of the microprocessor being used, there should be no difference between circle system and alveolar helium concentrations-and with an R value of 1.0, resulted in estimated FRC values identical to the true value. The R value of unity was used here because, if R is less thnn unity, then the final equilibrium alveolar helium concentration will exceed that in the circle system, whilst, with an R value greater than unity, circle system helium concentration will always exceed the alveolar helium concentration.
During the performance of these FRC estimations, circle system volume increased slightly when the subject model was initially in equilibrium with air. These increases represent the elimination of some nitrogen from the blood and tissue compartments of the subject model. With the subject model initially nitrogen-free, circle system volume remained constant throughout the estimation.
Gas uptake and elimination within the models are governed by the law of conservation of matter. Within each cycle of computation the total body content of each gas is calculated by separate and independent methods in order to ensure that the subject model is neither creating nor destroying matter (other than oxygen and carbon dioxide). Similar checks are carried out on the circle system to ensure that the amount of each gas delivered in fresh gas can be accounted for in relation to the amounts present within the circle and subject models and the amount vented from the system. In the nitrogen washout studies some 3 litre of nitrogen is present initially in the subject model. Under totally closed conditions none of this nitrogen should leave the system. Similarly, in the study on nitrogen homeostasis in which the subject model is connected initially to an air-filled circle system which is provided with a basal flow of oxygen, all of the nitrogen initially present in the subject and circle system models (approximately 8 litre) should be present at the end of the study, shared (unequally) between the two models. In both of these studies the amount of nitrogen present after 30 min is negligibly different from the initial amount. Measurement of FRC by helium dilution relies absolutely upon the total amount of helium that is present remaining constant. When these studies were carried out with the subject model initially in an air equilibrium state, the total amounts of nitrogen present within the circle system and subject models at the beginning and end of the studies were identical.
CONCLUSIONS
The studies described above show the ability of the model to maintain predictable equilibrium states with inert gases, and to move from one state to a new and predictable equilibrium state. A state of overall net inert gas equilibrium could be maintained in spite of small amounts of gas being taken up or eliminated with each heart beat. All the predictions concerning the behaviour of nitrogen and helium were performed to a high level of accuracy. The model was also capable of reproducing, with an acceptable degree of accuracy, the results of two previously published studies on the use of nitrous oxide in the circle system in man. These findings suggest that the model is capable of being used to predict the behaviour of circle systems when used with inhaled anaesthetic agents.
